An unusual atomic scale chemical fluctuation in LaSrVMoO 6 , in terms of narrow patches of La,V and Sr,Mo-rich phases, has been probed in detail to understand the origin of such a chemical state. Exhaustive tuning of the equilibrium synthesis parameters showed that the extent of phase separation can never be melted down below an unit cell dimension making it impossible to achieve the conventional B-site ordered structure, which establishes that the observed 'inhomogeneous' patch-like structure with minimum dimension of few angstroms is a reality in LaSrVMoO 6 . Therefore, another type of local chemical order, hitherto unknown in double perovskites, gets introduced here. X-ray diffraction, electron microscopy elemental mapping, magnetic, and various spectroscopic studies have been carried out on samples, synthesized under different conditions. These experimental results in conjunction with ab-initio electronic structure calculation revealed that it is the energy stability, gained by typical La-O covalency as in LaVO 3 , that leads to the preferential La,V and Sr,Mo ionic proximity, and the consequent patchy structure.
I. INTRODUCTION
The B site of a ABO 3 perovskite is commonly doped to achieve exciting functionalities.
In such doped compounds, the dopant (B ′ ) and the parent (B) atoms at commensurate doping often organize themselves to create interesting ordering patterns. Among many such orders, an ideal double perovskite of general formula A 2 BB ′ O 6 is realized only by half doping a single perovskite and by alternately arranging the B, B ′ cations in a rock-salt-type order.
However, the degree of this B, B ′ ordering is known to vary under different conditions 2 and complex patterns are created; in some cases the true local order may even go invisible to long range structural probes. 3 The complexity increases many fold for AA ′ BB ′ O 6 double perovskites with an additional cation, where quite a few different ionic ordering patterns become possible. 4 However, unlike all previous descriptions, LaSrVMoO 6 (LSVMO) presented a completely distinct cationic arrangement, as was revealed during the investigation of its debatable half-metallic antiferromagnetic (HMAFM) state. 5 Initially, this compound was suggested to be a half-metallic antiferromagnet by considering antiparallel alignment of alternately occupied V 3+ (3d 2 ) and Mo 4+ (4d 2 ) spins in a rock-salt type double perovskite structure. A couple of reports claimed this system to be the first experimentally realized HMAFM, 6,7 while ab-initio band structure calculation results based on the experimental crystal structure opined otherwise, 8, 9 confirming half-metallicity but predicting robust ferrimagnetic ground state for this compound. Therefore, quite contradictory depictions existed till our experiments 5 revealed the fact that the ground state of this compound is neither halfmetallic nor antiferromagnetic. Most importantly, our study showed that the local chemical , that might be present in a multi-cation system, needs to be considered while probing the structure and properties of the material.
However, before looking for the reason of such phase fluctuations, it is necessary to check 2 whether the observed local order 5 is truly the ground state configuration of LaSrVMoO 6 or not. As the site ordering of cations in double perovskites is known to depend critically on synthesis conditions, it might very well be possible that the observed structure is only an artefact coming due to incompetent synthesis protocols, while a microscopically homogeneous structure could actually be realized only if the very optimal synthesis conditions are applied. It is to be noted that the earlier studied sample, 5 synthesized following the reported synthesis parameters, 6,7 appeared pure and single phase when probed by long range diffraction techniques, while the local structural study revealed a significantly different scenario. Therefore, in this paper different attempts have been made to check, if suitably tuning the synthesis parameters, it is possible to determine a protocol that could improve the homogeneity of the system even at local scale. More importantly, there is a possibility that the ideally proposed HMAFM behavior in this compound 6,7 could actually be realized in the B-site ordered double perovskite structure, if it could be synthesized, and for this the foremost task would be to get rid of the local chemical fluctuation. But, the present study established that the most 'homogeneous' sample is indeed the one that we have already reported earlier. 5 Further, our theoretical calculation showed why this structure with chemical fluctuation has to be the most stable configuration for LaSrVMoO 6 ; where the driving force is the preference of La ions to form strong covalent linkages with the O ions that are linked to V ions, over the ones connected to Mo. The distinction arises due to the more ionic nature of V ions compared to Mo ions, finally resulting in La,V-rich, and the consequent Sr,Mo-rich regions.
II. EXPERIMENTAL AND THEORETICAL METHODS
All the samples reported in this paper were synthesized by the conventional solid state routes. In any solid state synthesis the tunable parameters are the synthesis temperature, atmosphere, and cooling rate. Typically double perovskites are synthesized in a restricted atmosphere of H 2 /Ar, where the relative amount of H 2 in the reaction atmosphere largely affects phase purity as well as physical properties of the materials. Therefore, a couple of samples is made by varying the H 2 content from the previously used value, although only by a small amount. We have also varied the synthesis temperature and post-synthesis cooling rate independently i.e. every time keeping all other parameters unchanged. In this paper, we discuss six different LSVMO samples, each synthesized with carefully planned and precise set of synthesis parameters (see Table I ). The crystallographic structures of the samples were checked by XRD using a Bruker AXS: D8 Advance x-ray diffractometer, while the magnetic measurements were carried out in a Quantum Design SQUID magnetometer.
The XRD data were analyzed using Rietveld technique and were refined using the FullProf program. 10 Detailed elemental mapping using transmission electron microscopy (TEM) were performed in a JEOL2010 microscope. EXAFS measurement at Mo K-edge were performed at the XAFS beamline of the Elettra synchrotron in Basovizza, Trieste (Italy) using a double crystal Si(311) monochromator. 11 The energy was calibrated by setting the first inflection point of the absorption edge of the metallic molibdenum to 20000 eV and 3 to 5 spetra with acquisition time of 5 s/pt were collected and averaged per each sample to improve the statistical noise. The photoelectron spectroscopic (XPS) measurements were carried out in an Omicron electron spectrometer, equipped with EA125 analyzer and Mg K α x-ray source.
The theoretical calculations were done in the framework of density-functional theory (DFT) using the generalized gradient approximation (GGA) as implemented in the Vienna ab-initio simulation package (VASP). The COHP provides information regarding the specific pairs of atoms that participates in the bonding and the range of such interaction. here that the Mo 3d spectrum from a complex molybdate system is often dominated by surface oxidized d components, which is hard to remove even after rigorous in-situ surface cleaning. Also, the unusually complex Mo 3d spectra is a fingerprint of the prevalent cova-lent effects, often present in the metallic Mo-based double perovskites, 20 which is observed here as well. Finally, the set of valence band spectra turned out to be no different, with clear higher binding energy features around 12 eV for LSVMO-2 and LSVMO-3 (striped region in Fig. 5(d) ), compared to that from LSVMO-1. However, another interesting point to note is the unusually large density of states near the Fermi energy (E F ) in all these compounds, which clearly show presence of large amount of charge carriers that brings about the large metallicity observed in these polycrystalline samples. Therefore, the XPS experiments reveal the existence of electronically different environments in different proportions in both LSVMO-2 and LSVMO-3, while one of them certainly agrees well with the LSVMO-1 electronic structure. Considering also the results of XRD analysis, one may therefore conclude that an additional phase with large orthorhombic distortion appears as soon as the synthesis environment shifts from the optimal condition by a small amount along any direction, which probably is electrically nonconducting, giving rise to extra features in XPS spectra, invariably shifted towards higher binding energies. Overall, XPS experiments also provided a consistent scenario. Next, to check the ease of spatial expansion of the two different phases, we constructed a larger supercell with sixteen formula units but with two different morphologies. In one case, only the previously described superlattice structure is maintained (Fig. 6(e) ), while in the other case (Fig. 6(f) ) both the La,V-rich and the Sr,Mo-rich phases have been expanded along a-axis, in order to mimic the largely phase separated sample environments. It is to be noted that there is no difference between the structures shown in Fig. 6(d) and (e) and therefore, they possess the same stabilization energy. However, the energy difference between Fig. 6 (e) and 6(f) turns out to be abysmally small (1.88 meV/f.u.), which basically falls within the error bar of the calculation. This again explains why it should be extremely easy to switch between LSVMO-1 (structure (e)) and other samples discussed in this paper (structure (f)), which in reality could be achieved by just changing the synthesis environment to a small extent.
Here, one could put forward an argument that the 'phase separated' structures are stabilized simply because of the desire to create local LaVO 3 and SrMoO 3 like structural environments or in other words, the following chemical reaction,
is merely inclined towards the left hand side of the reaction and never goes on to form the homogeneous LaSrVMoO 6 phase. However, such an explanation would fail to explain the observed energy degeneracy between the structures shown in Fig. 6 (e) and (f). Because the individual LaVO 3 and SrMoO 3 structures are expected to be largely relaxed in structure (f), compared to the strongly strained structure (e), and therefore, following the above mentioned proposition, structure (f) is expected to be energetically much stable, which is in clear contradiction with our results. Hence the energy stability must stem from atomic considerations which should remain nearly unaltered between structures (e) and (f), making them energetically degenerate. Consequently, we have carefully analyzed the chemical bonding by plotting the charge densities and COHP of all the structures along different lattice planes. This analysis revealed that all the structures gain extra energy by allowing the La ions to be covalently linked with one of the neighboring oxygens, while the Sr ions prefer to remain perfectly ionic.
In Fig. 7 , we show charge density plots for a couple of lattice planes from structures (c) and (d) (defined in Fig. 6 ). In panel (a), we show the (002) plane charge density from structure (d). Expectedly, the V-O bond is largely covalent with the charges being nearly equally shared between vanadium and oxygen ions. Interestingly, contrary to the notion of a purely ionic La 3+ charge state, one observes a rather significant electron sharing between every La and a neighboring oxygen. Such A-O covalency in ABO 3 perovskite structure is known where a substantial stability is gained by asymmetrically shifting the smaller A cation having extended d-orbital within an unit cell, thereby strengthening the A-O covalency and bringing forth structural distortions. 21 Specifically for LaVO 3 , it has been shown that weak GdFeO 3 -type distortion exists which is fundamentally driven by the energy gain due to La-O covalency effects. 21 In the present case, we find exactly the same feature dominating. On the contrary, the charge density in Sr-Mo-O plane (Fig. 7(b) ) exhibits purely ionic nature of Sr.
The scenario remains similar in case of structure (c), with the only exception that in this case the La and Sr ions can be randomly placed in both the V-O-V (Fig. 7(c) ) and Mo-O-Mo ( Fig.   7(d) ) planes. Again, La is found to be involved in covalent linkages with oxygens in both the planes, while Sr prefers to be ionic everywhere. Therefore, by comparison, the only difference between the two structures is the presence of a large number of covalent linkages between the La ions with neighboring oxygen ions that are also parts of Mo-O-Mo connections in structure (c), and this must be energetically expensive so that the structure (c) becomes significantly unstable with respect to the ground state structure (d) (Fig. 6) . It is expected that in a La-Mo-O plane, stronger La-O covalency would certainly compromise the Mo-O covalency and these two effects would work against each other to converge to the stable ground state. We shall now substantiate our argument by analysing the COHP plots which provide an energy resolved visualization of the chemical bonding. In COHP the density of states is weighted by the Hamiltonian matrix elements where the off-site COHP represents the covalent contribution to bands. In Fig. 7 (e, f) with which stable covalent linkages could be established and stability could be attained.
IV. CONCLUSIONS
In summary, we show that the strong La-O covalency acts as a stabilizing factor in Sample Synthesis Atomsphere Cooling rate 
